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I. INTRODUCTION
Electrochromic devices allow their optical transmittance to be electrically modulated and have important applications in energy efficient and comfort enhancing smart windows for buildings as well as for several other applications. [1] [2] [3] Devices based on nickel oxide and tungsten oxide have been found to exhibit excellent performance, 4 and binary nickel-tungsten oxides have been seen to yield properties that are superior to those of the pure oxides both at the tungsten-rich 5, 6 and at the nickel-rich [7] [8] [9] [10] [11] [12] ends of the compositional range. Furthermore, NiWO 4 is known as an electrochromic material. 13 We have therefore embarked on a comprehensive investigation of the full Ni x W 1Àx oxide system, with 0 x 1, and previously reported on the compatibility of these oxides with different electrolytes, 14 optical properties as determined by spectroscopic ellipsometry, 15, 16 as well as nanostructures and compositions recorded by Raman spectroscopy, x-ray photoelectron spectroscopy, x-ray diffractometry, and Rutherford backscattering spectrometry. 17 Furthermore, we have studied the electrochromism for films with 0 x 0.6. 6 In the present paper, we determine the optical properties of Ni x W 1Àx oxide films by spectroscopic ellipsometry, interpret these properties within effective medium theory, and show that the data are fully consistent with the nanostructural information reported before, thereby lending further credence to a two-phase model with WO 3 and NiWO 4 as the discrete structural entities for 0 x 0.5.
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II. THIN FILMS: PREPARATION AND SURFACE CHARACTERIZATION
Thin films of Ni x W 1Àx oxide were prepared by reactive dc magnetron co-sputtering from pure tungsten and nickel metal targets onto unheated silicon substrates with native oxide. Different compositions were obtained by varying the power delivered to the individual targets. The nickel fraction x was determined by Rutherford backscattering spectroscopy and x-ray photoelectron spectroscopy. Further details of thin film deposition and of structural and compositional characterization can be found elsewhere. 17 Surface morphology and roughness, which are relevant for the ellipsometric analysis, were recorded by atomic force microscopy (AFM) using a Veeco Dimension 3100 instrument in tapping mode in air. We used a tip with a radius of 12 nm, which gave a lateral resolution of roughly 30 nm. Figure 1 displays the surface of a Ni x W 1Àx oxide film with x % 0.13 and shows a maximum peak-to-valley vertical distance of about 10 nm. 
where q* is the complex-valued ratio between the reflection coefficients R p and R s for p and s polarized light, respectively (i.e., polarization of the electric field parallel and perpendicular to the plane of incidence), and W and D are the experimentally determined parameters. An optical model for each film was created and used to calculate R p and R s and corresponding values of W and D. The best fit of the free parameters in the model was found by using a Levenberg-Marquardt regression algorithm for minimization of the mean square error between the model data and the experimental results. 18 In this way, the model dielectric function parameters, film thickness, roughness, and other material parameters can be extracted from the experiment. The film roughness, shown in Fig. 1 , was accounted for in the optical model by representing a surface layer as an effective medium (cf. Sec. IV below) with 50% voids; this improved the fitting of the ellipsometric data significantly. A structural model with air-roughness-film-SiO z -substrate thus was used in order to describe the Ni x W 1Àx oxide films on Si. A thickness non-uniformity parameter, allowing for an in-plane variation of the layer thickness, was also included. The optical properties of the substrate and of the native silicon oxide were taken from the literature. 19 A measurement on a reference sample showed that the thickness of the SiO z layer was 2.9 6 0.1 nm, which was used in the further data analysis.
A parametric model, which consists of a set of oscillators, was used to represent the dielectric function of the Ni x W 1Àx oxide films. The contribution to e due to electronic transitions in the UV region was approximated by a TaucLorentz oscillator e TL , 20 and Kramers-Kronig-correct functions e G with Gaussian broadening 21 were used to model e near the band gap at high Ni fractions. The contribution to e due to lattice vibrations in the IR was accounted for by two to four Gaussian oscillators. 21 The total model dielectric function used for the Ni x W 1Àx oxide films then has the form
where e 1 is the high-frequency contribution modeled with a pole in the UV region. 18 A detailed description of the parametric model used to represent the Ni x W 1Àx oxide films is given elsewhere. 16 
B. Data
The analysis leads to an ellipsometrically determined roughness of the Ni x W 1Àx oxide films as shown in Fig. 2 . It is seen that the roughness drops monotonically as the Ni fraction is increased. Roughness data obtained by AFM and ellipsometry in general show a quantitative and linear relation 22, 23 and the results in Fig. 2 are in line with the magnitude of the AFM-determined protrusion height shown in Fig. 1 . Detailed comparison of the roughness data obtained by AFM and ellipsometry is not within the scope of this paper.
The ellipsometric data in the UV-VIS-NIR and IR ranges were analyzed using the parametric model in Eq. (2) . Film thicknesses lay between 124 and 304 nm, with thickness non-uniformities around 4%. 16 We obtained results on Figs. 3 and 4. It should be noted that some correlations appear between the parameters of the Gaussian oscillators, which implies that the solutions are not unique and there exist multiple sets of Gaussians which provide the same dielectric functions. However, in this investigation the final dielectric functions rather than the model parameter values are of main interest, so the fact that multiple parameter sets can produce nearly identical dielectric functions, which are uniquely determined by ellipsometry, is not a concern. The pronounced features in the IR are due to lattice vibrations, mainly W-O modes below 0.1 eV and a vibration mode centered at $0.4 eV and probably due to bound water. 1 A pronounced absorption peak is seen in the UV; it shifts to higher energy as x is increased.
IV. EFFECTIVE MEDIUM ANALYSES AND IMPLICATIONS FOR THE NANOSTRUCTURE A. Techniques
Our earlier work 17 showed that Ni x W 1Àx oxide films with 0 x 0.5 could be described as nanocomposites comprised WO 3 and NiWO 4 . We now consider whether the optical data presented above can be understood from this premise by turning to effective medium theory. 3, [24] [25] [26] We first assume that the two components of the nanocomposite can be described by the complex dielectric functions for entities are small enough that the measured optical properties can be represented by an effective dielectric function, which is an average over the dielectric functions of the components. The averaging should be done in different ways depending on the nanotopology of the composite material. 27 Here, we presume that the composite consists of a random mixture of the components, in which case the Bruggeman theory 28 is appropriate. An alternative theory might be the Maxwell Garnett theory, 29 which pertains to discrete particles of one phase embedded in a continuous host of the other phase. The two effective medium theories coincide if the fraction of one of the phases is small. We also considered a second nanostructural model with a random mixture of tungsten oxide and nickel oxide (whose optical properties were determined by ellipsometry in an earlier paper of ours 15 ); this is referred to as the WO 3 -NiO model. By carrying out effective-medium-based calculations analogous to those for a composite of WO 3 and NiWO 4 , it will be possible to test whether the latter structural model is indeed superior or whether a successful fitting to experimental data may be spurious.
The Bruggeman theory gives effective dielectric functions e BR by Experimental data are shown together with calculations based on two nanostructural models, as shown in the figure. Experimental data were reported also in Fig. 4 .
where f m is the volume fraction of NiWO 4 or NiO and e m is the dielectric function of NiWO 4 or NiO. The volume fractions appropriate for the two models are readily obtained from
where M is molar mass and q is density. Estimations of q are fraught with some uncertainty, and bulk values are not useful since the films were deposited under conditions that render them porous, and electrochromic films of tungsten oxide and nickel oxide can have densities that are as low as $60% of those of corresponding bulk materials. 1 However, our earlier work on Ni x W 1Àx oxide films with 0 x 1 used Rutherford spectrometry and surface profilometry to determine the densities from which we extract that q WO 3 % q NiWO 4 % 1.4q NiO . 17, 18 The film densities are in the 65 6 10% range as compared with bulk values. Table I lists the volume fractions of NiWO 4 and NiO for the two structural models. Table I . At the lowest Ni content, with x % 0.05, the calculated results for the two nanostructural models almost coincide and are also in good agreement with the experimental values; no particular conclusions can be drawn from these data. Results for x % 0.13 are practically indistinguishable from those at x % 0.05 and are not shown. At higher Ni contents, however, it is found unambiguously that the WO 3 -NiWO 4 nanostructural model represents the experimental data better than the WO 3 -NiO structural model does. For completeness, we performed a separate study of the sample with x % 0.53 and taken to represent NiWO 4 , which was compared with predictions from the WO 3 -NiO model. Figure 6 shows, expectedly, that this structural model fails.
Figures 5 and 6 test the qualitative agreement between theory and experiment. More quantitative assessments are possible by focusing on specific features in the data. Figure 7 shows the position of the e 2 peak according to ellipsometry and as calculated from the two structural models. Clearly the data from the WO 3 -NiWO 4 model are much superior to those of the WO 3 -NiO model, at least for x > 0.1.
Attempts to fit the dielectric function of Ni x W 1Àx oxide films in the IR (cf. Fig. 3 ) to data obtained from computations based on the two nanostructural models were unsuccessful and did not lead to agreement except in the case of x % 0.05. It seems that the vibrational modes in the mixed oxide films cannot be reconciled with simple superpositions of those of the constituents but exhibit a more complex behavior.
V. SUMMARY AND CONCLUSION
Sputter deposited films of Ni x W 1Àx oxide with 0.05 x 0.53, having well documented electrochromism, 6 were investigated by spectroscopic ellipsometry. Accurate data on the dielectric function were extracted in the 0.062 to 5.62 eV range of photon energy. The results for 0.62 to 5.62 eV were compared with computations based on the Bruggeman effective medium theory applied to two structural models: one describing a random mixture of structural entities characterized by the dielectric functions of WO 3 and NiWO 4 and the other representing a random mixture of WO 3 and NiO. Tungsten and nickel oxides have peaks in e 2 at about 4.8 eV, and no peak shift is predicted for a mixture of them. This is contrary to our data which show a consistent peak shift towards the peak position of NiWO 4 . The different electronic properties of NiWO 4 might be related to different chemical bonding, which is also consistent with a small shift of the infrared absorption peak in Fig. 3 . Our analysis showed clearly that only the WO 3 -NiWO 4 model was consistent with the experimental data. Hence, the films are composed of nanosized tungsten oxide and nickel tungstate. This result is in excellent agreement with our earlier investigation on the nanostructure of Ni x W 1Àx oxide films, 17 where the information was inferred from Raman spectroscopy, x-ray photoelectron spectroscopy, and x-ray diffraction.
